One contribution of 15 to a Theo Murphy meeting issue 'Interpreting BOLD: a dialogue between cognitive and cellular neuroscience'. Brain imaging techniques that use vascular signals to map changes in neuronal activity, such as blood oxygenation level-dependent functional magnetic resonance imaging, rely on the spatial and temporal coupling between changes in neurophysiology and haemodynamics, known as 'neurovascular coupling (NVC)'. Accordingly, NVC responses, mapped by changes in brain haemodynamics, have been validated for different stimuli under physiological conditions. In the cerebral cortex, the networks of excitatory pyramidal cells and inhibitory interneurons generating the changes in neural activity and the key mediators that signal to the vascular unit have been identified for some incoming afferent pathways. The neural circuits recruited by whisker glutamatergic-, basal forebrain cholinergic-or locus coeruleus noradrenergic pathway stimulation were found to be highly specific and discriminative, particularly when comparing the two modulatory systems to the sensory response. However, it is largely unknown whether or not NVC is still reliable when brain states are altered or in disease conditions. This lack of knowledge is surprising since brain imaging is broadly used in humans and, ultimately, in conditions that deviate from baseline brain function. Using the whisker-to-barrel pathway as a model of NVC, we can interrogate the reliability of NVC under enhanced cholinergic or noradrenergic modulation of cortical circuits that alters brain states.
Introduction
Through neurovascular coupling (NVC) localized changes in neuronal activity can be reliably mapped using changes in haemodynamics, such as cerebral blood flow (CBF) or the blood oxygenation level-dependent (BOLD) functional magnetic resonance imaging (fMRI) signal. Increases in synaptic activity drive the vascular response [1] [2] [3] [4] , which involves coordinated signalling among cells of the neurovascular unit. The initial trigger of the haemodynamic signature is the change in the activity of the neural network processing the incoming stimulus [5] [6] [7] , although signalling in astrocytes [8] [9] [10] , pericytes [11] , smooth muscle [12] and endothelial [13] cells may contribute to the changes in vessel diameter. CBF responses are linked to local field potentials (LFPs) generated by changes in the activity of pyramidal cells, the latter being determined by the balance between excitation and inhibition imposed by g-aminobutyric acid (GABA) interneurons [6, 7, 14, 15] . Through their ability to couple electrically and to regulate the firing of excitatory pyramidal cells, GABA interneurons play a key role in organizing cortical network activity [16, 17] , and they have been proposed as the initiators of NVC [18] [19] [20] . This is in line with haemodynamic signals correlating tightly with the gamma power of LFPs, which is driven by GABA interneurons [21 -26] . Only specific subtypes of GABA interneurons fire during sensory stimulation [27, 28] , suggesting that selective subsets of GABA interneurons receive and respond to distinct cortical inputs [29] to generate the haemodynamic response.
Understanding and identifying the neuronal network and the mediators that drive the changes in neuronal activity and CBF in response to a given stimulus are thus important. Moreover, alterations in the network activity or identity may take place under physiological or pathological conditions and, hence, impede the NVC response. Indeed, cortical activity is dynamically modulated by subcortical pathways releasing acetylcholine (ACh) and noradrenaline (NA) during physiological brain states such as attention, arousal, memory and sleep-wake stages, and this modulation can be lost or impaired in pathological states such as Alzheimer's disease. Such compromised neuromodulation could happen independently from other alterations within the neurovascular unit that could similarly endanger its function.
Recent reviews on NVC mechanisms have focused on neurons [30] [31] [32] , astrocytes [10, [32] [33] [34] [35] , pericytes [36] , on endothelial [37] and smooth muscle cells [12, 38, 39] , and on their mediators [10, 32, 40] . Here, we will address NVC in the context of an integrated response to changes in the activity of a neuronal network. We will recapitulate the current knowledge on NVC mechanisms in the cerebral cortex, focusing on sensory pathways and on two modulators of cortical activity, namely the basal forebrain cholinergic (BF-ACh) and locus coeruleus noradrenergic (LC-NA) systems. We will describe the neuronal networks recruited by these distinct afferent pathways, and how they can affect the local microcirculation. Finally, we will emphasize how a given cortical input is bound to activation of a precise neuronal circuit and release of vasoactive mediators, and how sensory-evoked NVC responses can be modulated by altered brain states.
2. The whisker-to-barrel pathway: a classic model of sensory-evoked neurovascular coupling (a) The whisker-to-barrel pathway
The glutamate-driven NVC responses to sensory stimulation have been well characterized. In particular, the whisker-tobarrel cortex pathway is commonly used in NVC studies. It has a very well-delineated organization from the whisker pad to the brainstem (barrelettes), mainly through the infraorbital branch of the trigeminal nerve, then projecting to the contralateral ventroposterior medial nucleus (VPM) of the thalamus (barreloids) and, finally, to the corresponding cylinder-shaped columns of neurons in the somatosensory cortex (barrels) where the thalamic input terminates primarily in layer IV, with minor innervation to deeper layers V and VI. The information is then processed within the same barrel in superficial layers II/III neurons that project across the barrels [41, 42] . Glutamate released by thalamocortical afferents targets multiple cortical cells expressing glutamatergic receptors, such as pyramidal cells, GABA interneurons and astrocytes, and triggers the increases in intracellular calcium (Ca 2þ ) required for the release of vasoactive messengers [30] . In summary, the barrel cortex contains a topographical representation of each whisker, allowing precise assessment of the relationship between evoked neuronal activity, the underlying neuronal network [43, 44] , and changes in CBF induced by stimulation of any given whisker or group of whiskers [45] .
(b) The neurovascular coupling responses to whisker stimulation
Sensory stimulation evokes an increase in cortical activity assessed by electroencephalogram (EEG) on the cranium, surface extracellular field recording, intracortical extracellular recording or single-cell recording. In addition, maps of neuronal activity evoked by whisker stimulation can be obtained by voltage-sensitive dye imaging [46] . However, these recordings do not identify the activated neurons. Hence, several reports have taken advantage of the expression of the immediate early gene c-Fos that can be used as a marker of increased firing rate in neurons. These have allowed localization of the activated neurons across the cortical layers in the barrel cortex upon whisker stimulation [47, 48] . When combined with markers of pyramidal cells or GABA interneurons, c-Fos upregulation unveiled the identity of the activated neuronal network within the barrel cortex [49, 50] , as will be detailed in §4. Glutamate-mediated sensory stimulation induces a frequency-and duration-dependent increase in the haemodynamic responses in the contralateral somatosensory cortex [51, 52] rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150350 haemoglobin oxygenation using optical imaging of intrinsic signals [63] [64] [65] , near-infrared spectroscopy [66] or functional brain imaging, such as the BOLD fMRI signal [67] [68] [69] . Other approaches include measurements of the changes in the diameter of pial vessels [70] or brain microvessels using two-photon imaging during sensory stimulation [71, 72] . In addition, in vitro brain slices allow measurement of changes in brain arteriole diameter induced by glutamate receptor activation [73, 74] , mimicking a sensory stimulation.
The most comprehensive understanding of NVC mechanisms requires concurrent recordings of neuronal activity and haemodynamic signals. While technically possible, such investigations have been more rarely performed [52, 67, 73, 75, 76] , and the acquisition, synchronization and interpretation of these signals in time and space still remain a challenge.
Neurovascular coupling responses to acetylcholine-and noradrenaline-releasing pathways
While the whisker-to-barrel pathway is a robust and useful model, NVC responses to different cortical inputs provide further information on how the cortex locally integrates various incoming signals and transduces them into haemodynamic responses. This section describes NVC responses to BF-ACh and LC-NA systems, which both potently modulate cortical activity.
(a) The basal forebrain cholinergic system
The cortex receives a widespread ACh innervation arising mostly from the substantia innominata (SI)-nucleus basalis complex located in the BF [77] . Changes in ACh levels are linked to wakeful states, arousal, learning and attention, while degeneration of the BF neurons is an early hallmark of Alzheimer's disease. ACh acts on multiple cortical targets among which are pyramidal cells [78, 79] and GABA interneurons [80, 81] ( primarily those containing somatostatin (SOM) [20, 82] ), as well as astrocytes and local microvessels [83] . ACh function has been investigated using selective cholinotoxins, pharmacological approaches and, more recently, optogenetic targeting of BF neurons [84] . BF stimulation induces an overall increase in the neocortical EEG activity [85] , with layer-and receptor-specific neuronal responses [86] . Accordingly, ACh release induced by BF stimulation produces large and robust increases in cortical perfusion that can be measured using laser-Doppler flowmetry [87] (figure 1b), helium clearance [88] and IAP autoradiography in the entire cortical mantle [89] [90] [91] . The evoked CBF response to BF stimulation involves muscarinic ACh receptors (mAChRs); however, its full expression requires activation of both cortical glutamate and GABA receptors [56, 92] , and occurs without large cytosolic increases of Ca 2þ in astrocytes [93] . These findings correlate well with the synchronized bursting induced in specific subsets of GABA interneurons by mAChR activation [94, 95] , and with cortical haemodynamic signals being correlated with gamma oscillations, which can be triggered by activation of BF-ACh afferents [96] and the firing of inhibitory interneurons [18] .
(b) The locus coeruleus -noradrenergic system
The locus coeruleus (LC) is a brainstem nucleus that contains noradrenergic (NA) neurons that innervate several brain areas including the cerebral cortex, thereof referred to as the LC-NA system. The LC-NA system is primarily excitatory; it is a potent modulator of neuronal networks, priming neurons to be activated by stimuli. As such, it plays a critical role in multiple functions such as arousal, attention, memory and sleep-wake cycle. In the cerebral cortex, diffusely distributed LC-NA varicosities act through volume transmission and target neurons, astrocytes and the vascular components of the neurovascular unit [97] . LC-NA neuron stimulation has been associated with enhanced cortical activity [98, 99] and increased Ca 2þ transients in astrocytes [100] , responses normally accompanied by increased CBF (for references, see [57] ). Yet there have been conflicting findings regarding the haemodynamic response evoked by pharmacological or electrical stimulation of the LC-NA pathway. Some studies reported decreases in cortical CBF [101] [102] [103] , whereas other investigations that manipulated the brain NA system found increases in perfusion, oxygen consumption and glucose uptake that involve b-adrenoceptors [104, 105] . When revisiting these conflicting results using a stimulation paradigm known to activate cells locally within the LC, we found increases in cortical CBF [57] (figure 1c). These evoked responses were sensitive to blockade of both a-and b-adrenoceptors, and were drastically reduced (less than 70%) following lesion of LC-NA neurons with the selective noradrenergic toxin DSP-4 [57] . The haemodynamic response was predominantly ipsilateral (figure 1c) and was accompanied by a small increase of arterial blood pressure. LC stimulation recruited a large neuronal network within the activated cortex, and the mediators of the haemodynamic response were identified, at least partly (see §5c). Although these discrepancies could partly be explained by species differences, type ( pharmacological or electrical) or intensity of the stimulation that can differently alter cortical activity, they call for more work to clarify the exact role of LC-NA neurons on cortical perfusion. Considering that the LC-NA system is a potent modulator of cortical activity, its effects on both neurophysiology and vascular signals may possibly vary depending on the state of cortical circuits, as described later in §6(b).
Neuronal networks recruited by sensory, basal forebrain cholinergic or locus coeruleusnoradrenergic-pathway stimulation (a) C-Fos as a marker of neuronal activity
The immediate early gene c-fos, encoding the transcription factor c-Fos, increases in neurons upon a wide-range of brain functions, as shown after sensory and optogenetic stimulations [106] [107] [108] and long-term potentiation (LTP) [109] . The transient kinetics of c-Fos expression is a Ca 2þ -dependent mechanism triggered by various stimuli, including membrane depolarization, and which requires action potential firing [110] [111] [112] . The threshold of c-Fos induction may vary depending on the brain region, cell type, nature of the stimulus (acute versus chronic), and availability of specific c-Fos enhancers [110, 113] . Yet, despite these limitations, c-Fos upregulation has been well documented in the cerebral cortex and, particularly, in different neuronal populations in the barrel cortex following whisker stimulation or active whisking [ 
(b) Activity maps (c-Fos) of pyramidal cells
In an attempt to identify the neural circuit underlying the changes in neuronal activity related to specific incoming stimuli, anatomical activity maps were generated in the somatosensory cortex using c-Fos immunohistochemistry. These maps recapitulated exquisitely well the territory of thalamocortical afferents from the dorsomedial part of the ventral posterior medial nucleus (VPM) to layer IV of the corresponding barrel in the primary somatosensory cortex, as well as of the broadly and diffusely distributed cortical BFACh and LC-NA projections (figure 2a-c). These activity maps, coupled to labelling of specific neuronal populations, indicated that pyramidal cells, including those that express cyclooxygenase-2 (COX-2), were recruited following stimulation of glutamate-mediated whisker-to-barrel [49] , BF-ACh [56, 92] and LC-NA [57] pathways (figure 2d -f ).
(c) Activity maps (c-Fos) of GABA interneurons
Interestingly, pyramidal cells did not account for all the c-Fos-positive neurons upon whisker-, BF-ACh or LC-NA stimulations, suggesting a crucial contribution of GABA interneurons. Hence, we determined the proportion and identity of c-Fos-positive GABA interneurons recruited by whisker, BF-ACh or LC-NA stimulation, using doubleimmunohistochemistry of co-localized peptides such as the vasoactive intestinal polypeptide (VIP), SOM and parvalbumin (PV). The most spectacular and discriminative finding was that glutamate-driven NVC response to whisker stimulation engaged primarily VIP-containing GABA interneurons [49] , whereas NVC responses to BF-ACh or LC-NA pathway stimulation recruited massively SOM-containing GABA interneurons, with limited activation of VIP interneurons [56, 57] (figure 2d -g ). Moreover, PV interneurons were not activated by whisker stimulation in trained and restrained or anaesthetized rats [49] (figure 2d), which contrasted with their recruitment in mice whisking while exploring an enriched environment [50] , possibly reflecting increased alertness of the behaving mice. This would agree with activation of PV interneurons by the LC-NA pathway [57] elicited by BF stimulation (figure 2e) were confirmed by electrophysiological recordings [27, 28, 115] . Moreover, recent optogenetic manipulations established a key role for VIP interneurons in selectively suppressing the activity of SOM interneurons [115 -117] , whereas activation of SOM interneurons potently inhibited activity of all other interneuron populations [116] .
In conclusion, despite the limitations presented above, the c-Fos activity maps offer a unique tool to identify the cortical networks underlying NVC to different stimuli, with a particularly striking dichotomy between the whisker and BF-ACh pathway stimulation paradigms (figure 2). The generated activity maps showed that the studied afferent pathways modulate cortical activity and, consequently, the accompanying haemodynamic responses, through distinct GABA interneurons that control the activity of pyramidal cells in a circuit-specific manner. Activity maps and neuronal networks should be tested in models of NVC such as the olfactory bulb [118] and the retina [119] .
Neuromediators of neurovascular coupling responses
While the c-Fos activation maps highlight activation of neuronal populations upon stimulation, the resulting haemodynamic response requires the release of vasoactive mediators that alter the diameter of microvessels. Notably, GABA interneurons co-synthesize mediators such as nitric oxide (NO), VIP, SOM, ACh or neuropeptide Y (NPY) that displayed vasoactive properties in vitro in slice preparations [20] . This section recapitulates the known mediators contributing to the NVC responses to whisker, BF-ACh and LC-NA pathway stimulation (figures 3 and 4).
(a) Whisker-evoked neurovascular coupling
Consistent with the activity maps, glutamate and the vasoactive COX-2 product prostaglandin E2 (PGE2) released from activated pyramidal cells have been identified as key mediators of the whisker-evoked NVC response [49, 73, 120] , making pyramidal cells the 'hubs' of sensory-evoked NVC responses. Glutamate acts through both ionotropic (NMDA and AMPA) receptors and metabotropic receptors (mGluRs) [49, 121, 122] that are expressed by neurons and astrocytes [8, 123] . The ability of NMDA receptors to rapidly trigger release of neuronal COX-2-derived PGE2 [73, 124] likely accounted for the important role of PGE2 in whisker-evoked NVC [73] ( figure 3) . Glutamate, however, is believed to act primarily through group 1 mGluRs to induce Ca 2þ transients in astrocytic perivascular endfeet [8, 10] and activate a cascade of arachidonic acid metabolites derived from cytochrome P450 epoxygenase ( figure  3 ). rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150350 epoxyeicosatrienoic acids (EETs) then dilate blood vessels, possibly through activation of the vanilloid transient receptor potential 4 (TRPV4) channels [125] . As revealed by the activity maps, GABA, probably released from activated VIP-containing GABA interneurons, was also required for the full expression of the NVC response to whisker stimulation [49] (figure 3). Its role, mediated by GABA-A receptors, was attributed to the ability of VIP interneurons to modulate cortical activity through inhibition of SOM and PV interneurons resulting in disinhibition of pyramidal cells (figure 4a). Such a conclusion was supported by the activity map ( figure 2a,d,g ) and by electrophysiological recordings during whisker stimulation or other sensory modalities [27, 28, 115, 117] . Neither GABA nor VIP appeared to exert significant direct vascular effects in vivo that could account for the haemodynamic response [49] , stressing GABA's role in inducing changes in cortical activity that then transduce haemodynamic signals. Similar to glutamate, GABA can activate astrocytes, in particular by triggering Ca 2þ events, but whether GABA-A or GABA-B receptors mediate these effects remains a matter of debate [126] . The exact role of astroglial messengers and Ca 2þ increases in NVC also remains unclear [127] , and it was recently challenged regarding the exact nature of the glutamate receptors involved [128, 129] , in particular mGluR5, due to their age-dependent expression [129] and the timing and extent of their contribution [130] [131] [132] . Alternatively, astrocytes may induce Ca 2þ increases from specific intracellular compartments [133] , or they may be required only upon a sufficient level of neuronal activation [134, 135] . An additional astroglial pathway may engage coactivation of endothelial NMDA receptors through release of D-serine, and subsequent NO synthesis [136] .
Other mediators or modulators of the sensory-evoked NVC response have been identified [49] , including astroglial large-conductance, calcium-operated (BK) and smooth muscle cell inward-rectifier (Kir) potassium channels [12, 39, 137, 138] , endothelial hyperpolarization and prostanoid-dependent dilation [13] , and neurally derived NO [139] .
(b) Basal forebrain cholinergic pathway stimulationevoked neurovascular coupling
The CBF response evoked by BF-ACh pathway stimulation involves glutamate released by the activated pyramidal cells, which can then act through multiple receptors ( figure 3 ). This action was in part mediated by EETs [92] that are thought to be released by activated perivascular astroglial endfeet [10] . However, in contrast to the sensory-evoked NVC response, a role for PGE2 could not be evidenced [92] . This could be explained by the failure of mAChRs, which mediate the NVC response evoked to BF stimulation, to activate COX-2 in the rat cerebral cortex [140] . A role for GABA, acting at GABA-A receptors, in the BF-Ach-induced NVC response was attributed to the ability of the SOM GABA interneuron network, a favoured target of BF-ACh afferents [20, 82] , to increase cortical activity through inhibition of other interneuron subtypes (VIP and PV) and, consequently, disinhibition of pyramidal cells [141] (figure 4b). No evidence could be obtained in vivo for a role of the co-localized neuropeptide SOM or NPY in the global haemodynamic response to BF stimulation [56] , further emphasizing that GABA, released from specific subsets of interneurons in response to a given stimulus, plays a key role in triggering NVC responses by shaping cortical activity [49, 57, 92] . [18, 19] . Indeed, a direct dilatory role for GABA or ACh released from BF afferents appeared as an unlikely primary mechanism in the CBF response [92] (figures 3 and 4) . However, the dilator NO, which is synthesized in a subpopulation of SOM interneurons [20] and in BF neurons that project to the cerebral cortex [142] , contributed to the NVC response to BF stimulation [143] . Similar to the whisker-evoked NVC response, EETs likely released from activated astrocytes acted as intermediaries for both glutamate and GABA [92] , possibly helping sustain or modulating the neutrally driven haemodynamic response [130] ( figures 3 and 4) .
(c) Locus coeruleus -noradrenaline pathway stimulation-evoked neurovascular coupling
The NVC response to stimulation of LC-NA neurons can be attributed to the release of mediators from the activated cortical network identified by the activity maps, and which includes pyramidal cells, in particular those containing COX-2, and SOM-, NPY-and VIP-containing GABA interneurons [57] (figure 2). The released neural mediators may then act locally on astrocytes to mobilize the EETs cascade as well as largeconductance, calcium-operated (BK) potassium channels and smooth muscle cell inward-rectifier (Kir) potassium channels [57] ( figure 3 ). Interestingly, COX-2 derived mediators appeared to exert a dampening effect on the NVC response to activation of the LC-NA pathway, an unexpected effect that requires further investigation of the COX-2 metabolites and receptors involved. LC-NA terminals contact astrocytes and microvessels in the cerebral cortex [97] on which they can exert direct effects associated with increased astroglial Ca 2þ transients and vasoconstriction [100, 144] , but how the latter relates to the increased CBF response evoked by LC-NA pathway stimulation remains unclear. In summary, classic excitatory and inhibitory neurotransmitters glutamate and GABA are the prime instigators of the cortical NVC responses to activation of sensory pathways involving thalamocortical glutamatergic afferents, and of BF-ACh and LC-NA pathways (figures 3 and 4). PGE2 released from pyramidal cells may be involved in pathways able to activate COX-2, such as glutamate acting on NMDA receptors. Moreover, astroglial EETs and large-conductance, calcium-operated (BK) potassium channels, as well as smooth muscle cell inward-rectifier (Kir) potassium channels appear as common mediators of most NVC responses (figure 3). These mediators do not exclude the contribution of metabolic substrates such as lactate or of other neuronal or astroglial messengers (adenosine, ATP, NO, 20-HETE) [10, 74, 145] . As most studies measured CBF through laser-Doppler flowmetry, we can only conclude on the global haemodynamic response. Indeed, such a technique would not detect local dilatation and constriction of the microvascular bed that occur to precisely distribute oxygenated blood to active neurons within the activated area, as shown during sensory stimulation [6] .
6. Reliability of neurovascular coupling as a marker of neuronal activity under altered brain states (a) Modulation of sensory information processing neurovascular coupling
Cortical activity is strongly modulated by behavioural states, as driven by subcortical BF-ACh and brainstem LC-NA pathways and, likewise, cortical activity evoked by sensory processing is highly dependent on the underlying brain state. ACh favours incoming thalamocortical sensory afferents relative to intracortical pathways [146, 147] , and combined BF and whisker stimulation increases whisker-evoked LFPs in the barrel cortex [148] . Interestingly, BF-ACh stimulation leads to activation of VIP-containing interneurons during locomotion in the visual cortex [149] . By contrast, BF lesion reduces whiskerevoked activity in the barrel cortex [150] . LC stimulation enhances cortical activity [99, [151] [152] [153] and the responses of cortical neurons to sensory stimulation [154] , and NA directly modulates cortical neuronal network dynamics [155, 156] . For instance, during locomotion, NA leads to enhanced activity in both PV and SOM-containing interneurons in the visual cortex [157] and may also act on astrocytes to prime the neuronal network [158] . Yet, despite these recognized interactions between ACh or NA and sensory processing, how such gain or loss of function will alter NVC is still poorly known.
(b) The impact of altered brain states on neurovascular coupling
The reliability of NVC across different states of neuronal activity has been questioned [159] . Neuronal activity in the macaque primary visual cortex was not correlated to trial-independent BOLD signals [160] or to visually evoked BOLD responses upon dopamine modulation [161] . Our preliminary results using sub-threshold BF stimulation to slightly increase cortical ACh tone without affecting baseline CBF [162] resulted in a potentiated NVC response to whisker stimulation (figure 5a). These findings agree with optogenetic activation of BF neurons or their cortical terminals, which enhanced sensory discrimination and desynchronized neuronal spiking [146, 164] . In a previous study involving systemic blockade of a2-adrenergic receptors, the extent of the NVC response to sensory stimulation was narrowed together with an enhanced surround blood flow reduction and concurrent constriction of pial and penetrating arteries [165] . Since the observed NA modulation of the NVC response was probably due, at least partly, to the direct effect on the diameter of pial arteries which receive their NA innervation from the superior cervical ganglion [31] , it is difficult to reach a definite conclusion on the role of the LC-NA system on sensory-evoked NVC responses. In this respect, our preliminary results with enhanced cortical NA tone using sub-threshold electrical stimulation of the LC in rat [163] or selective optogenetic stimulation of LC-NA neurons in DBH (dopamine-b hydroxylase)-Cre-Channelrhodopsin 2 (ChR2) mice [166] that rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 371: 20150350 had no or minimal direct effect on baseline CBF, showed a potentiated whisker-evoked NVC response (figure 5b).
These preliminary findings would be compatible with the reported enhanced or faster haemodynamic responses to sensory [167 -170] or optogenetic [171] stimulations in awake animals, supporting a role of high ACh or NA tone in awake animals. Importantly, NVC responses can be preserved, at least partly, when measured under anesthesia [172, 173] . Yet, additional work is needed to better understand if NVC remains a faithful reflection of changes in neuronal activity under states of enhanced neuronal network function induced by increased ACh or NA tone. Moreover, it remains unknown whether or not the sensory-evoked NVC response is preserved under conditions of acute or chronic loss of ACh or NA modulation.
Conclusion and future perspectives
Distinct GABA interneurons play a key role in coupling changes in neurophysiology and haemodynamics by modulating pyramidal cell activity in a circuit-specific manner in response to incoming cortical afferent inputs. By releasing GABA and glutamate, these inhibitory and excitatory cells act through largely common signalling molecules to directly or indirectly alter the diameter of local microvessels and, hence, cerebral perfusion. However, much work is needed to clarify the role of neuronal metabolic substrates [74, 145] , and identify the receptor subtypes and cellular localization through which vasoactive messengers act on the vascular unit. Additionally, changes in microdomains of the microcirculation should be better explored, as both constriction and dilation are likely to occur to generate the final integrated haemodynamic response [174, 175] . In view of recent findings [130] [131] [132] 176] , the exact role of astrocytes and pericytes, and the extent and timescale of their contribution in the haemodynamic responses need clarification. Finally, the impact of acute and chronic loss or gain of neuronal function, as seen in physiological and pathological conditions, and of a compromised cerebral circulation, as seen in cardiovascular diseases, vascular dementia and Alzheimer's disease, on the neurovascular unit and its function needs further work to better understand pathological brain imaging data.
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